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INTRODUCTION
No-tillage is characterized by minimum tillage and the maintenance of soil cover with crop residues. However, the minimum mobilization of soil associated with the pressure accumulation exerted by the traffic of machines has caused an increase in soil compaction (Debiasi et al., 2010; Couto et al., 2013; Feitosa et al., 2015) .
The alteration of the soil structure characterizes compaction due to the reorganization of the particles and aggregates, usually resulting in an increase in soil density and a decrease in total porosity (Valadão et al., 2015) . The degree of soil compaction governs the modification of its attributes, i.e., the rate of infiltration, redistribution of water, compromising of gas flow, and nutrient absorption in the soil. These changes in soil attributes may restrict the development of the root system and aerial part of plants (Collares et al., 2008) , causing a decrease in crop productivity (Gubiani et al., 2014) .
Scarification is an alternative to minimize the possibility of productivity loss caused by soil compaction, but it does not characterize the no-tillage system. With this in mind, the possibility of increasing the soil mobilization in the sowing line arises through the deepening of the fertilizer shank. Nunes et al. (2015) verified a greater mass and length of corn roots when the furrow opener shank worked at a depth of 0.17 m, in relation to the lowest depth (0.05 m), in Oxisol with 61% clay in which direct seeding had been performed for over 10 years. However, this practice usually demands greater tractive force to increase soil decompression in the seeding line (Tricai et al., 2016) , resulting in a decrease in operating efficiency, mainly due to the higher demand for traction (Palma et al., 2010) .
In addition to mechanical handling, ground cover plant cultivation appears to be appropriate to mitigate soil compaction in direct seeding. Among cover crops, Avena strigosa (black oats) stand out because of a high dry matter yield, tolerance to water deficit, and weed control (Altieri et al., 2011) . Another species with a desirable characteristic is Brassica rapa L. (forage turnip), because it has a pivoting radicular system and high production of biomass, when compared to black oats, ryegrass, and vetch (Sanchez et al., 2012) .
In this context, Santos et al. (2014) show the use of winter ground cover crops to be favorable, since reducing machine traffic is not enough to minimize soil compaction in a direct seeding system. The authors state that the adoption of crop rotation, with the use of winter ground Engenharia Agrícola, Jaboticabal, v.39, n.1, p.89-96, jan./feb. 2019 cover crops which have a voluminous and deep root system, is essential to reduce soil compaction.
Thus, the aim of this study was to evaluate tractive demand, soil mobilization parameters, and corn productivity as a function of the furrow opener's shank working depth (0.065, 0.095, 0.125, and 0.15 m) and cultivation with winter ground cover plants (black oat and forage turnip) in compacted Oxisol, in a direct seeding system.
MATERIAL AND METHODS
The experiment was conducted during the 2014 season, in Typic Hapludox (Soil Survey Staff, 2014 ) with a predominantly clay-like texture (77.4% clay, 20.3% silt, and 2.3% sand). The climate is subtropical humid, type Cfa according to the Köppen classification. The area is located on the Southwest of Paraná State -Brazil (Figure 1) , with an average elevation of 760 m and maximum slope of 3%. Data on the mean temperature, rainfall, and corn crop evapotranspiration calculated according to the methodology of Thornthwaite (1948) over the course of the experiment are presented in Figure 2 . The experiment was conducted in strips, in a randomized block design, with eight treatments and four replicates, totaling 32 experimental units, each with an area of 52.5 m² (3.5 m x 15.0 m). The main treatments were composed of the four shank working depths (0.065, 0.095, 0.125, and 0.150 m) and the secondary treatments were composed of the cultivation of two winter ground cover plants (black oats and forage turnip).
Soil compaction was accomplished by tractor tires passing over the same track, until the whole area of the experiment was compacted. A New Holland ® TL75E 4x2 AFWD (Auxiliary Front Wheel Drive) tractor was used, with a total load of 4,630 kg, standard diagonal 12.4x24 front tires, and 18.4x30 rear tires. A Jacto, AM-12 (250 kg) sprayer supplied with 600 liters of water was also fitted to the tractor's three-point hitch system, totaling a mass of 5,480 kg.
The contact area of the front tires and rear tires with the ground was obtained through digital image processing with the SisCob 1.0 program, made available by Embrapa Instrumentação Agropecuária (CNPDIA). The methodology consisted of positioning the tractor in the experimental area and applying limestone around the tractor tires, with subsequent displacement of the tractor to register the images. The mean pressures of the rear and front tires over the ground were 197 kPa and 125 kPa, respectively, obtained by dividing the load of each tire by the respective area of ground contact. The compaction was performed when the soil presented gravimetric moisture of 39%.
The average soil density after compaction was 1.20 Mg m -3 . This value was obtained via an average of 64 samples randomly collected from the experimental units, 32 in the 0.03-0.07 m layer depth and 32 in the 0.12-0.15 m layer depth, with volumetric rings of 0.03 and 0.05 m in height and diameter, respectively.
The average relative soil density was 0.93, which is considered restrictive to the development of the root system of grain crops (Klein, 2014) . This result was obtained by dividing the apparent density of the soil (1.20 Mg m -3 ) by the maximum density (1.29 Mg m -3 ) obtained by the normal proctor test.
After soil compaction, without the use of furrow fertilization the black oats and forage turnip were sown on 05/23/2014, with 100 and 16 kg ha -1 of seeds, respectively. After the plants emergence, 30 kg ha -1 of N (urea) was applied across the experimental area. When the crops were in the phenological stage of full bloom and beginning of grain filling, a dose of 3.0 L ha -1 of Glyphosate was sprayed to cause the senescence of the winter crops and to allow the successful implantation of the summer crop.
Determination of the ground cover plants' dry matter (DM) was performed by collecting samples of the aerial part of the plants, using a wooden frame with an area of 0.25 m². The wooden frame was randomly thrown twice, on the experimental units, in order to the determine sample collection location. The harvested material was oven-dried at 65 ºC until a constant weight was achieved (72 h). Later, the values obtained were converted to Mg ha -1 , with a mean dry matter production of 5,59 and 4,60 Mg ha -1 for oat and turnip respectively.
In corn crop seeding (08/10/2014), a precision Vence Tudo ® SM 7040 seeder-fertilizer was used, with a total weight of approximately 1,810 kg, and five lines spaced at 0.7 m intervals were constructed. Each line was configured with: a smooth cutting disc 0.381 m in diameter, a shank type furrow opener for fertilizer deposition with a 0.025 m wide tip and 22° attack angle, a double disc type furrow opener for seed deposition, seed depth control Engenharia Agrícola, Jaboticabal, v.39, n.1, p.89-96, jan./feb. 2019 wheels, and conveyor rubber compacting wheels.
An early hybrid Dekalb 240 was used. It features YieldGard PRO2 technology, which produces two Bt (Bacillus thuringiensis) insecticidal proteins. Seeding density was 80,000 plants ha -1 and base fertilization was 400 kg ha -1 (using a formula ratio of 8-20-15) . A further 225 kg ha -1 of urea was used to cover the area, when most of the plants reached the V4 development stage on the phenological scale.
The area of mobilized soil by the shank type furrow openers in the seeding process was determined with the aid of a profilometer, made of wood, with vertical rods arranged every 0.01 m transversal to the seeding line. The profile survey of the soil's natural and final surface was obtained by arranging the profilometer, in two distinct locations, in the three central lines of each plot.
The calculation for the area of soil mobilized is outlined in [eq. (1)]: The surface width of the seeding furrow was obtained by determining the distance between the ends of the soil surface disturbed by the action of the shank.
During the corn seeding process, a Campbell Scientific ® CR800 data acquisition plate was used to continuously monitor the force at the drawbar required by the seeder-fertilizer, through the signals generated by a Leader Balances ® load cell, with a capacity of 50 kN, at a frequency of 10 Hz. The load cell was coupled onto the drawbar, connecting the tractor and the header of the seederfertilizer using specific support. The pin that secures the drawbar to the tractor was removed to leave it free to slide, thus applying all the tractive force on the load cell.
The average tractive force at the drawbar was obtained by dividing the sum of the instantaneous tractive force data by the total number of recorded data, according to [eq. (2)]: Corn productivity was obtained by harvesting the ears contained within 5 m of each of the three central lines of each experimental unit. Subsequently, the corn grain mass was corrected to 13% and the results extrapolated to the area referring to one hectare.
The obtained data was submitted to an analysis of variance test to verify the effects of the following factors using the statistical program GENES: furrow opener shank working depths, ground cover plants, and the interaction between the two. When the F test presented a significant value (p≤0.05) of probability, the averages were compared via the Tukey test (p≤0.05) for the qualitative factors (winter ground cover plants). The polynomial regression test was applied to the quantitative factors (shank working depth) and interactions. The models were selected by the criterion of the highest R 2 and significance (p≤0.05) of the equation parameters.
RESULTS AND DISCUSSION
All the evaluated parameters presented a significant response regarding the depth of fertilizer deposition by the furrow opener shank, additionally FTE also proved to be dependent on the ground cover plant species. It is observed that the parameters FTE, LSS, ASM, and PM display significant interactions (Table 1) .
Engenharia Agrícola, Jaboticabal, v.39, n.1, p.89-96, jan./feb. 2019 TABLE 1. Sources of variation (FV), degrees of freedom (GL), middle square of traction force in the bar (FT), traction force per seeding line (FTL), specific traction force (FTE), average power in the bar (PT), width of furrow surface (LSS), area of soil disturbed (ASM), maize productivity (PM) as a function of the working depth of the furrow opener (Prof.), and ground cover plant species (Cob.) The average tractive force required at the drawbar (FT) presented a linear increase which corresponded with the increase in the shank working depth, with values varying from 8.28 to 13.58 kN ( Figure 3A ). Between the lowest and highest shank working depth there is a 64% increase in the tractive force required to open the seeding furrow. Similar results were obtained by Tricai et al. (2016) , who observed a 63.4% increase in FT when the furrow opener working depth increased from 0.09 to 0.15 m, in Oxisol with 48% clay. The authors confirm that the higher tractive force needed is associated with the increase of soil mobilization caused by the deepening of the shank's working. Conte et al. (2009) , when analyzing tractive demand and soil mobilization parameters, showed a mean increase of 149% in tractive force when shank working depths of 0.064 and 0.100 m were compared. The difference in this percentage and the results obtained in the present study could be associated with the methodology used, since Conte et al. (2009) used electric resistance extensometers installed in the shank furrow opener's support, detecting only the effort that occurred in the shank and neglecting the rolling resistance necessary to draw the rest of the set that composes the seeder. increase in furrow opener working depth in the areas cultivated with oats and turnips, respectively. This data shows that the furrow opener working depth of 0.15 m is a more efficient soil mobilization alternative, since the force (kN) per area (m²) was lower when compared to the shank's lower working depths. In this case, when the shank's depth increased from 0.065 to 0.15 m, there was a reduction in FTE of 156.00% and 82.17% in the areas managed with forage turnip and black oats, respectively.
Most likely the furrowing opener's critical working depth has not been reached, because of Conte et al. (2011) mention that a drastic FTE increase is expected when this depth is reached, something that did not occur in the data observed in this study. Tricai et al. (2016) report similar results when evaluating FTE as a function of three depths (0.09, 0.11 and 0.15 m) and two shank inclination angles (17 and 20°), in Oxisol with 48% clay. The authors observed that the shank's greatest working depth presented FTE 40% lower about the lowest working depth.
The mean tractive force required by seeding line (FTL) increased from 1.66 to 2.72 kN when the shank furrow opener worked at the depths of 0.065 and 0.150 m, respectively ( Figure 3C ). The data obtained are within the 3.4 kN value proposed as reference for the tractive force required at the drawbar in an area with immobilized soil (ASAE, 2003) .
Similar results to those of this study were obtained by Silveira et al. (2011) , who, in evaluating machine parameters in Oxisol with 75% clay, verified an FTL of 2.55 kN, when the tractor/seeder set moved at a speed of 1.28 m s -1 and with an average shank working depth of 0.105 m. The average power required at the drawbar (PT) had a linear increase as a function of shank working depth, with values varying from 19.77 kW to 29.71 kW ( Figure 3D ). This trend was a rise in the power required by 1.17 kW (1.59 hp) for each unit (0.01 m) increase in shank working depth, starting from 0.065 to 0.15 m. Grotta et al. (2009) , when analyzing the energy demand of a seeder-fertilizer as a function of vegetation cover management and the depth of the fertilizer deposition shank, in soil with 51% clay direct sowing method. The authors found that the PT varied significantly from 22.3 to 24.9 kW when the shank working depth increased from 0.11 to 0.17 m, with the tractor-seeder set running at a speed of 1.18 and 1.14 m s -1 , respectively. Macedo et al. (2016) , evaluating the changing energy demand in soil with 10.6% clay caused by the deepening of the furrow opener shank, found that PT was 12.23, 15.5, and 22.99 kW when the shank worked at the depths of 0.05, 0.10, and 0.15 m, respectively. These PT results are relatively low compared to the present research and are probably associated with differences in clay content. This is reinforced by Godwin & O'Dogherty (2007) , who mention that soils with low cohesion (sandy) tend to mobilize laterally (two-dimensional) due to the action of shanks. This is because the low capacity of aggregation generates less effort needed from the preparation tools to mobilize the sandy soils compared with the clayey soils (high cohesion). Figure 4A shows a positive correlation between the furrow surface width (LSS) and the shank's working depth in the area planted with black oats and forage turnip. In the area managed with forage turnip, the LSS increased from 0.118 to 0.144 m between the lowest and highest shank working depths. In the area cultivated with black oats, LSS increased from 0.105 to 0.134 m when the shank working depth increased from 0.065 to 0.15 m. In Figure 4A , the interactions between the variation sources for the LSS factors were verified, but even with a detailed analysis of the characteristics of the plants and methodological procedures adopted, it was not possible to obtain a diagnosis for this atypical result.
Higher LSS results were reported by Bertonha et al. (2015) who, when analyzing the opening angle of the furrow as a function of the shank working depth (0.065, 0.125, and 0.165 m), found that the LSS ranged from 0.160 to 0.206 m, when the lowest shank working depths were compared.
In general, it is stated that the soil mobilization set (the disc plus shank) of the seeder used in this study is adequate in the assumption of low soil mobilization recommended by the direct seeding system. Brandelero et al. (2014) , when evaluating different mechanisms for furrow sowing management in direct seeding, verified that the LSS ranged from 0.165 to 0.28 m, when the average furrow depth was 0.049 and 0.081 m, respectively. This characteristic of low LSS caused by the furrow opener shank, even working at greater depths, is essential because greater mobilized soil surface areas tends to cause increases in soil loss (Volk & Cogo, 2014) , as well as greater weed emergence in the seeding line (Theisen & Bianchi, 2010) .
Concerning the area of mobilized soil (ASM), there is an increase from 0.0028 to 0.0084 m 2 according to the shank's working depth, for the black oat. However, the ASM increase observed between the lowest and the highest shank depth, for the cultivation of forage turnip was 0.0019 and 0.0085 m 2 , respectively ( Figure 4B ). The results of the ASM increased due to the deepening of the fertilizer shank, this corroborates with the data published by Cepik et al. (2010) . The authors, in evaluating tractive force and soil mobilization via Vence Tudo® seeder-fertilizer shank furrow openers in Ultisol with 20% clay, verified that the ASM increased from 0.0054 to 0.0065 m 2 when the furrow openers operated at the effective depth of 0.065 and 0.115 m, respectively.
In Oxisol with 47% clay, Bertonha et al. (2015) observed soil mobilization generated by five shank working depths and three shank models with different attack angles (inclined at 15°, straight with an inclined tip at 29°, and parabolic at 27°). The authors reported that the shank models did not cause significant variation in soil mobilization. However, the deepening of the shanks to 0.06, 0.095, 0.105, 0.12, and 0.135 m, caused an increase in ASM to 0.0076, 0.0120, 0.0146, 0.0169, and 0.0192 m , respectively.
This increase in ASM as a function of the shank's working depth is directly related to the soil structure's rupture behavior. Godwin & O`Dogherty (2007) state that soil mobilization occurs in a three-dimensional manner (forward, upward, and laterally) when the working depth of the preparation tool does not reach critical working depth.
Concerning the average corn yield (PM), without the adjustment of the data in regards to the regression analysis models tested, there was a significant interaction among factors with the average being 10,293 Mg ha -1 .
It is assumed that the failure to obtain significant PM results as a function of the variation in the shank's working depth and management of ground cover plants may be associated with the precipitation and large crop evapotranspiration that occurred during the period of corn crop development (Figure 1) . This result corroborates with data obtained by Debiasi et al. (2010) who analyzed the productivity of soybeans and corn after winter cover and mechanical decompression of the soil. They observed that the cultivation of black oat and forage turnip, in relation to the fallow, provided higher productivity of the crops in the dry season. However, the same result was not repeated in the year that had an absence of water deficit. The authors also verified that the different shank working depths (0.06 and 0.12 m) did not cause a change in corn productivity during the two years of experimentation.
Similarly to this study, Seki et al. (2015) did not observe any change in corn crop development or productivity when studying the effect of decomposition practices in Oxisol (60% clay) by means of subsoiling at 0.40, 0.30, and 0.20 m depths, before seeding the winter and summer crops, and by the direct seeding of corn with a shank and double disk type furrow opener mechanism.
CONCLUSIONS
The deepening of the furrow opener shank increased the force and power required at the drawbar in the seeding process.
The deepening of the furrow opener shank also increased the soil mobilization in the seeding line, dependent upon the ground cover plants. However, it did not prove to be an effective management practice for increasing the corn productivity.
